ABSTRACT: Wilderness search and rescue (WiSAR) requires thousands of hours of search over large and complex terrains. Mini-UAVs (unmanned aerial vehicles) may dramatically improve WiSAR search efficiency. Early field trials in UAV-enabled WiSAR indicated a need to improve the human-UAV interaction, the coordination between the UAV and ground search resources, and the UAV technology. A cognitive task analysis was conducted to inform the design of the UAV technology, the associated interface, and the roles and responsibilities associated with effectively integrating the technology into the existing WiSAR response. Two cognitive task analysis techniques were employed: goal-directed task analysis and a partial cognitive work analysis that included a work domain analysis and a control task analysis. Early field trials and WiSAR search personnel informed the task analyses, which consequently informed the UAV technology design and integration. This paper (a) reviews how and why the task analyses were conducted, how the systems engineering process incorporated field trials to inform the task analyses and the task analyses to guide the technology development; and (b) provides examples of how the analyses informed the resulting technology development with an eye toward providing insight into how such analysis techniques can be applied to developing UAV systems.
Introduction
THERE IS AN INCREASING DESIRE TO DEPLOY UNMANNED VEHICLES (E.G., ROBOTS) FOR dull and dangerous tasks. A number of researchers have focused on employing unmanned ground vehicles (UGVs) and unmanned aerial vehicles (UAVs) for urban search and rescue (e.g., Burke, Murphy, Coovert, & Riddle, 2004; Casper & Murphy, The IC gathers this information and compiles the elements that inform the search response. The IC compiles a missing person profile that incorporates information pertaining to the individual' s wilderness skills, physical and mental health, age, last known location and activities, and physical descriptors, such as appearance and possessions. Similarly, the IC compiles an environmental component incorporating information pertaining to the terrain, weather, known trails and roads, flora, and so forth. The IC must develop a search plan, which requires establishing a search perimeter, assigning priority to the reported signs of the missing person, updating the current situation as information arrives, and determining which search technique will provide the highest probability of quickly locating the missing person.
The IC also relies on heuristics, such as the observations that hunters frequently travel uphill when they are lost (in order to reorient) and that many individuals follow linear features, such as ridgelines and game trails, when they become disoriented. The IC also uses the time elapsed since the missing person was last seen in order to determine the most appropriate search technique. The IC must also understand the capabilities and resources within the team of responders. Once the search begins, the IC monitors the activities of the search personnel, including their specific locations, and modifies the search process as necessary.
The WiSAR response may involve up to four different search techniques. A hasty search, defined previously, is usually the initial search. A constraining or perimeter search attempts to locate any sign that may limit the search area by determining whether or not a missing person has crossed a perimeter. The hasty and constraining searches often inform a high-priority region search, or priority search. This type of search requires the IC to estimate the probability of locating the missing person in the map sections via a combination of knowledge from prior experience (Klein, 1998) , empirical statistics, consensus, and natural barriers (Setnicka, 1980) . A priority search may be complemented by the less effective exhaustive search, in which a systematic coverage of the area occurs using appropriate search patterns. An exhaustive search is typified by combing an area wherein searchers form a line and walk through it.
During the search, ground search personnel conduct the specified search within the defined perimeter and the bounds of the physical environmental. The searchers look for any sign that can either (a) identify the location of the missing person or (b) minimize the probability of the missing person being located in a particular area. The distributed searchers report any signs, deviations from the search plan, and so forth to the other searchers and the IC.
Complementing ground search efforts are searches from manned aircraft. From a coverage perspective, searches from manned aircraft are ideal in terms of the ability to cover large areas over extremely rugged terrain, where ground searchers would have difficulty. Unfortunately, aerial searches are expensive, meaning that the economics of search often dictate that searches over large, easyto-reach areas may be more efficiently performed from the ground. Moreover, flying over rugged terrain often involves dramatic terrain changes, updrafts, and downdrafts, which make search by both fixed-wing aircraft and helicopters dangerous. Thus, although searches from manned aircraft can be very beneficial, the IC must balance risks and costs in using these resources. Mini-UAVs may offer some of the benefit of airborne searches at a lower cost and with dramatically decreased risk to personnel, although their flight time on any single flight may be considerably lower than that of a manned aircraft.
The UAV Technology
UAV technology varies dramatically across platforms, so we provide here an overview of the mini-UAV technology employed for this research. The mini-UAVs are small and light, with flying weights of approximately 2 pounds (0.91 kg), and have wingspans of approximately 42 to 50 inches (107-127 cm). The airframes are flying wing designs propelled by standard electric motors. The autopilot is a small microprocessor running a hierarchal control system (Beard et al., 2005 ) that supports that supports a variety of functions, ranging from low-level altitude stabilization to high-level path planning (Beard et al., 2005; Quigley, Goodrich, & Beard, 2004) . The standard aircraft sensor suite includes three-axis rate gyroscopes, three-axis accelerometers, static and differential barometric pressure sensors; a GPS module, and a gimbal-mounted video camera. The aircraft utilize 900-MHz radio transceivers for data communication and an analog 2.4-GHz transmitter for video downlink.
Although mini-UAVs have not been used extensively in WiSAR, they have been used in disaster mitigation and military reconnaissance (Murphy, Pratt, & Burke, 2008) . These applications typically require two operators per UAV: a pilot, who flies the UAV, and a sensor operator, who interprets the imagery and other sensors (Tao, Thrap, Zhang, & Tai, 1999) . A third person may monitor the pilot' s and sensor operator' s behavior, serve to protect them, and help provide greater situation awareness of the overall mission (Burke et al., 2004; Casper & Murphy, 2003) .
The exact type of interaction between the human operator and the (semi-) autonomous onboard controller varies widely across different-sized UAV platforms. At one extreme, the Predator essentially recreates a traditional cockpit inside a ground-based control station. At the other extreme are UAVs that fly preprogrammed flight paths (Goetzendorf-Grabowski, Frydrychewicz, Goraj, & Suchodolski, 2006) . The interactions represented by these two extremes typify Sheridan' s (1992) descriptions of teleoperation and supervisory control, respectively. These extremes illustrate a key point: The operator interface and UAV autonomy designs are specific applications of the more general problem of proper support of human-machine interaction, and a catch-all solution for all UAVs and applications is unlikely.
Why Conduct a Cognitive Task Analysis?
The design objective during the initial integration of the mini-UAVs was to employ the UAV to acquire video in order to identify the location, or a sign, of the missing person and immediately call a ground searcher. The expectation was that a ground searcher would walk directly to the spot identified and immediately know what the individual had observed in the video. During the initial field trials it was found that the introduction of the UAV can degrade the effectiveness of the human response. For example, real-time video from the UAV caused the IC and the UAV operator to become so engrossed in the video that they lost track of their primary functions: to manage the overall search and to fly the UAV, respectively. The design team determined that it was necessary to understand the existing response activities via a CTA in order to inform the system engineering process.
We distinguish between flight tests and field trials. Flight tests are small, student-led flights to test and calibrate a specific technology, whereas field trials are larger exercises that integrate multiple technologies, include a member of the Utah County Search and Rescue Team (Utah County Sheriff' s Office, 2008), and involve locating a simulated missing person. UAV flight tests targeted to search problems began in March 2004 and have been conducted frequently since then; the first field trials with WiSAR personnel were conducted in March 2005, and further field trials have been conducted approximately semiannually since then. The field trials, which mirrored a real deployment with the addition of the UAV, revealed a number of issues and demonstrated how disruptive video from the UAV can be to the search process Goodrich, Quigley, et al., 2007) . The search team consisted of a UAV operator, multiple people interpreting video, an incident commander, and ground searchers.
In the initial trials, the ground team was dispatched to a location of interest as soon as the video analysts spotted and localized an object of interest in the video. These trials demonstrated that two expectations were unfounded: that a ground searcher could (a) find the exact location identified in the video and (b) know, immediately upon arrival at the location, what had been observed. In fact, the coordination between the ground searchers and the IC base was very weak. The UAV-enhanced team failed to complete the search plan because of distractions present in the video. Riley and Endsley (2004) found similar team coordination issues when studying an urban search and rescue UGV system.
The field trials resulted in the UAV development team identifying a need to understand the non-UAV, human-based WiSAR process in order to better integrate the UAV into the existing process. This objective required the UAV-enabled search to use a better search plan and the UAV to provide information to support the plan, not simply provide a video feed. In addition, the development team needed to understand both the modifications to traditional WiSAR roles as well as the new responsibilities that would be created by integrating a UAV into search.
The development team recognized that UAVs are a relatively new application. It was determined that a better understanding of the response activities and responsibilities, the information flow, and the means by which the UAV could inform the search process was necessary and that a CTA of the WiSAR domain could inform the system development. The objective of this analysis was to identify functions within the WiSAR domain and identify the information flow throughout the response system in order to inform the autonomous algorithm development, the corresponding operator interfaces, and the required coordination between personnel. This CTA was conducted during the spring and summer of 2006.
The CTA was conducted with the intent to understand the human-based WiSAR response, viewed as a system, in order to determine how to develop UAV capabilities and incorporate the UAV into the response while mitigating the disruptive behaviors found during the field trials. The analysis considered the human responders an integral component of the system that must be represented in a CTA that focuses on the human aspect-specifically, the purposes that they serve and the functions they fulfill as system components. This perspective permits an understanding of how the human responders' tasks, roles, and responsibilities will be modified by the introduction of the UAV and how the UAV can best support the human responders. Because the intent of the CTA was centered on the development and incorporation of the UAV and its impact on the human responders, it was not necessary to carry out the analysis to a fine, low level that would permit, for example, the training of a novice system user.
The current UAV-enabled WiSAR technology is a result of two converging efforts, the first being the CTA and the second being the technology development. The preexisting UAV field trials and the ongoing system development coincided with the CTA, providing an excellent opportunity to directly integrate the CTA into the system development and engineering process. The result of this parallel effort was that the system development and the CTA mutually informed each other. A unique contribution of the presented effort is a means for integrating cognitive engineering into the system engineering process.
Related Research
Two CTA techniques were applied to the WiSAR domain: GDTA (Endsley, Bolté, & Jones, 2003) and a partial CWA, specifically a WDA (Naikar, Hopcroft, & Moylan, 2005; Vicente, 1999 ) and a ConTA (Naikar, Moylan, & Pearce, 2006; Vicente, 1999) . A number of individuals have combined CTA techniques. Miller and Vicente (2001) compared hierarchical task analysis with an abstraction decomposition space (e.g., WDA) and presented the advantages and disadvantages of these techniques (also summarized in Jamieson, Miller, Ho, & Vicente, 2007) . Miller and Vicente' s findings hold when employing WDA and GDTA to our analysis with two exceptions. First, they concluded that the hierarchical task analysis more easily identifies priority, procedural, and temporal constraints. The inability to easily identify temporal constraints is a limitation with GDTA and is one reason the WDA and ConTA were conducted for our analysis. Second, they also felt that the task analysis is not as useful as the abstraction decomposition for identifying the information requirements. This finding may have been an artifact of the order in which they conducted the analyses (the abstraction decomposition prior to the task analysis). The GDTA has been beneficial in our work for identifying information requirements.
There is precedence for using multiple CTA techniques to facilitate the identification of system automation needs. Kaber, Segall, Green, Entzian, and Junginger (2006) applied GDTA and the abstraction hierarchy (i.e., WDA) to an existing highthroughput organic compound screening operation. They found that combining the results of the techniques provided a better understanding of the automation needs, the existing technologies, the operator needs, and the interface design limitations. At the time our analyses were conducted, there were no published reports combining these two analysis techniques; however, Kaber et al.' s findings support our findings that these two techniques can identify potential system automation and interface requirements. Kaber et al. (2006) said that the GDTA method is "a good tool for supporting new system designs to facilitate operator manual control" (p. 239) but also indicated that its ability to derive the new system design requirements is limited. Kaber et al. found that the combination of GDTA and the abstraction hierarchy facilitated system development, including the automation and interface needs. These findings are similar to those of Humphrey and Adams (2008) . These independent findings led us to combine the GDTA, WDA, and ConTA for our analysis.
It has been argued that traditional CWA and CTA techniques cannot support the development of futuristic systems (i.e., systems that do not yet exist and will not be developed until some point in the future) because these methods require access to existing users, systems, and documentation (Nehme, Scott, Cummings, & Furusho, 2006) . As a result, Nehme et al. (2006) recommend a hybrid CTA for futuristic applications involving intentional domains. However, Naikar, Pearce, Drumm, and Sanderson (2003) applied WDA to the design and development of an actual first-of-a-kind military system; a first-of-a-kind system has no existing analogue because the technology has advanced beyond existing systems or the technology has not previously been employed for a particular task.
Although UAVs have existed for a number of years and manned aircraft have been included in the WiSAR task, UAVs can be considered first of a kind for WiSAR because they allow a nonpilot to remotely conduct a systematic, video-based search of a large rugged area. A key to our work is that the WiSAR personnel and the existing response system can be employed to inform the development of the UAVenabled WiSAR response system. We believe that this paper demonstrates the ability of the analysis techniques to inform the development of a first-of-a-kind system.
A GDTA focused on U.S. Army brigade officers was conducted with the intent to understand how to support the team' s functioning and information sharing while also informing technology development (Bolstad, Riley, Jones, & Endsley, 2002; Jones, Bolstad, Riley, Endsley, & Shattuck, 2003) . This work did not identify how the introduction of new technology would change the team members' roles and responsibilities. Our work conducted GDTA, WDA, and ConTA on the existing human-based WiSAR response. Each analysis viewed the entire WiSAR response as a system. The human responders and their associated tasks and activities were viewed as system components. We take this view because the human WiSAR searchers work as an entity to achieve the common WiSAR goals. We believe that this is the first CTA that informs a UAV system design in which the humans are considered as system components. Humphrey and Adams (2008) have conducted similar analysis for UAV/UGV technology in which first responders are considered system components.
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There appears to be little application of CTA to UGV or UAV-based real-hardware robotic systems or to the development of such systems. Riley, Murphy, and Endsley (2006) conducted a GDTA of an existing urban search and rescue UGV focused on identifying situation awareness requirements. Rasmussen (1998) conducted a CWA in order to develop command and control information systems to support the introduction of UAVs for suppression of enemy air defense missions; that work focused on understanding the interface between the human decision maker and the relational structure of the work domain.
A number of researchers have conducted CTA for futuristic robotic systems; however, the resulting systems exist in simulation and do not appear to have corresponding real robotic systems. Riley and Endsley (2005) conducted a GDTA for a futuristic UGV control task that was part of a coordinated UAV/UGV collaborative minefield breach task. The GDTA focused on the UAV, but a task decomposition was performed for both the UAV and UGV tasks and was considered complementary to the GDTA for the UGV. The results were employed to understand the function allocations for collaborative tasks and to facilitate communication between the multiple operators and remote personnel.
Humphrey and Adams (2008) conducted GDTA and CWA for a futuristic UGV and UAV application to the CBRNE device response. The purpose was to identify appropriate missions for unmanned vehicles. They found that the GDTA was useful for identifying the overall goals and situation awareness information requirements, the latter being vitally important when working with a remotely located vehicle. Their CWA was performed to provide insight into aspects that the GDTA is unable to capture, which include the timing of events during a response, particularly simultaneous events; the identification of critical events within the work domain; and the system constraints. Their work influenced the work in this paper, as the UAV-enabled WiSAR involves a similar problem. One difference is that only the first two steps of the CWA (i.e., WDA and ConTA) were performed for the work presented in this paper. Nehme et al. (2006) and Almirao, da Silva, Scott, and Cummings (2007) developed a hybrid CTA technique for futuristic UAV systems. This hybrid analysis is a five-step process in which the fourth step involves developing decision ladders for critical decisions. This step is similar to the ConTA in our work.
The work cited previously, with the exception of Riley et al. (2006) , has yet to yield real robotic systems based upon the CTA results. The overall intent of our analysis was to inform the integration of the UAV technology into the existing human-based WiSAR response in order to facilitate the overall response while minimizing disruptions caused by the technology. It was anticipated that the UAV would modify the procedures, tasks, responsibilities, relationships, and constraints of the WiSAR response. It was necessary to ensure that the tasks of locating and rescuing the missing person, while maintaining safety, would not be degraded by the incorporation of the UAV, thus ensuring that the UAV would provide additional information awareness that cannot be obtained readily with the current response capabilities or t that can be obtained with current response capabilities at lower cost and risk (e.g., manned aircraft). The work presented in this paper appears to be the first to inform real UAV system design and development.
Next we review the analysis methodology. A discussion of the insights gained and specific design implications and examples is then provided. Finally, a general discussion is provided.
Method
The GDTA, WDA, and ConTA were developed by integrating information from a number of sources, including (a) Setnicka' s (1980) seminal WiSAR book, which serves as the primary training source for Utah County Search and Rescue personnel; (b) miscellaneous WiSAR and academic literature sources (Hill, 1998; Syrotuck, 2000) ; (c) prior field trials; and (d) two subject matter experts and a moderately experienced search volunteer from Utah County Search and Rescue. This work did not include observation of actual rescue deployments or training exercises. One subject matter expert had worked with the UAV development team for more than 60 hr. This individual, an IC, has attended regular meetings, worked directly with the development team, and attended all field trials.
A number of rescue personnel informed the analyses, but two ICs were the primary information sources, via interviews. A large portion of the analyses is dependent upon the information provided by subject matter experts.
The UAV development team conducted three field trials prior to the task analysis. During each field trial, one subject matter expert was in attendance. The field trials informed the analyses, which focused on the non-UAV response. The impact of the trials cannot be easily quantified, as those with the analysis experience were not present at the trials.
The GDTA, WDA, and ConTA were developed by an individual from Brigham Young University (BYU) and another from Vanderbilt University, with review and feedback from a third (from Vanderbilt). All authors possessed some WiSAR domain knowledge. The BYU personnel had worked with WiSAR personnel for 2 years, and the Vanderbilt team had been conducting similar analysis for CBRNE incident response for more than 1 year. The CBRNE domain is significantly different from the WiSAR domain, but many aspects of the response activities and reporting structure are similar. One Vanderbilt team member led the analyses while the BYU team member assisted. The second Vanderbilt team member provided analyses review and feedback during development but did not participate in the subject matter expert interviews.
The analyzers developed the GDTA and WDA simultaneously by alternating between the techniques until they were completed, but the WDA was not intentionally based on knowledge of the GDTA, and vice versa. The ConTA followed shortly after the completion of the GDTA and WDA. Given that all three analyses were based on the same information sources and focused on the same system,
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there is overlap in the analyses' content. The simultaneous development of the GDTA and WDA led to a level of symbiosis between the corresponding elements. This simplified the integration of the information from the two techniques and supports Jamieson et al.' s (2007) hypothesis that stating the task analysis information requirements in relation to the abstraction decomposition space (i.e., WDA) may have simplified their information requirements integration efforts.
Goal-Directed Task Analysis
The GDTA allows a focus on the dynamic situation awareness requirements within the WiSAR domain. The nature of deploying UAV technology dictates that the UAV and the users of the provided information are remotely distributed-that is, that the UAV is at a remote location from the human users. This remote usage requires an understanding of how to inform the development of the UAV capabilities, including the autonomous behaviors, in order to ensure that the human users are able to obtain the necessary information to support the response activities; in other words, the situation awareness information requirements derived by the GDTA. The GDTA also identifies the basic goals to be achieved in the system and the associated major decisions and tasks required to achieve the goals.
A standard GDTA implementation was applied in our work. The analysis resulted in the identification of six primary goals, which were decomposed into a number of subgoals and associated decision questions. A total of two goal levels and one task level were developed with information requirements identified for the tasks. The complete GDTA representation is provided in Figure 1 . Each subgoal and task are numbered and placed in an order that loosely matches the timing of the search events. A limitation of the GDTA is that it does not effectively represent the timing of activities, particularly those that occur simultaneously.
The GDTA provided insight into the goals and information requirements that the UAV must support in order to be successfully integrated into WiSAR. The identified requirements informed the development of autonomous algorithms to support the gathering of similar information by the UAV. The analysis also informed the development of the operator interfaces to support the presentation and interpretation of the UAV-provided information.
The GDTA provides insight into the goals and decision processes required to support the WiSAR response based upon existing knowledge regarding known actions necessary to achieve the desired goals (Jamieson et al., 2007; Miller & Vicente, 2001 ). The GDTA does not focus on unexpected events that may occur in the work domain. The WDA, by contrast, focuses on the entire work domain environment, and the system capabilities are analyzed independent of the operating conditions. The WDA by definition allows for an understanding of the WiSAR response that permits the handling of unexpected events. Additionally, the GDTA does not focus on the required information processing steps and the associated states of knowledge; however, this information is provided by the ConTA. Therefore, the WDA and ConTA were conducted to provide this necessary level of understanding.
Work Domain Analysis
A WDA permits a representation of the WiSAR response system that is independent of specific events, tasks, activities, and actions. WDA is an event-independent analysis that provides robust results applicable to all situations, including events that subject matter experts and system developers cannot anticipate (Jamieson et al., 2007; Miller & Vicente, 2001) . The understanding of the work domain' s impact on the current human-based WiSAR system allows one to identify critical events that must be considered when developing the UAV technology.
In addition to increasing understanding of critical events, the WDA objective was intended to capture (a) the high-level objectives of the WiSAR search process, (b) the priorities to be maintained during WiSAR, (c) the general functionality of the human-based WiSAR response, (d) the physical functions conducted and supported by the human responders and physical response devices, and (e) the physical devices required to conduct WiSAR.
A standard WDA represented by an abstraction-decomposition space was conducted. In the resulting grid, which contains four columns and five rows, the columns represent the part-whole decomposition. The decomposition dimension represents the different levels of detail required to reason about the search domain. The rows represent the abstract functional decomposition for the different response concepts-in this domain, the procedures to be reasoned over within the non-UAV, human-only WiSAR domain. The result is a categorization of the purposes, values and priorities, processes (functions), and physical resources (including the human responders) required for WiSAR. Figure 2 provides the resulting WDA space.
At the highest level, the WDA defines the purpose of the WiSAR search, and at the lowest levels, the WDA represents the physical components necessary to conduct the search. The interim WDA levels represent the general functional activities required to complete the search. Humans conduct these functions, but our objective is to augment the human functional components with the UAV. The connections between the levels correspond to how the system is implemented-in other words, how the human system conducts the search-and represent the means-ends analysis. These connections represent specific tasks and processes required for an efficient search that locates the missing person as quickly as possible. The connections also identify why certain physical components and, to some extent, the GDTA information requirements are necessary to support the human WiSAR system.
Because the GDTA and WDA were developed simultaneously based on the same information sources and focused on the same system, there are parallels in the captured information. However, the WDA clearly identifies how one process or tool can be used to satisfy a general function or abstract function, whereas the GDTA subgoals satisfy only one goal, and the associated information requirements are per task. In other words, the GDTA does not clearly demonstrate how one information requirement can be used in attaining multiple goals. The information requirements can be uniquely identified in order to denote where two different goals require the same information requirement ; however, this technique is not necessarily as clear or expressive as the WDA' s
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means-ends relationships. For example, the missing person profile information requirement in the GDTA (Figure 1 ) is associated with many goals. However, the missing person profile object in the WDA (Figure 2 ) is more clearly related to a number of processes and one general function.
Control Task Analysis
A limitation of both the GDTA and the WDA is their inability to represent the constraints with regard to the system successfully functioning to achieve the tasks that need to be done (Naikar et al., 2006) . The ConTA extends the WDA findings by identifying the activities necessary to achieve the purposes, priorities, values, and functions within the work domain (Naikar et al., 2006) by providing an understanding of the information processing steps in relation to the required knowledge for achieving the stated goals.
The ConTA focuses on decomposing the system activities into control tasks for the various response situations and processes (Jamieson et al., 2007; Vicente, 1999) . The ConTA employed for this work developed a decision ladder (Rasmussen, 1976) to represent the information processing activities and the associated knowledge states required for conducting WiSAR, as shown in Figure 3 .
Connections in the middle of the ladder (see Figure 3 ) represent shortcuts from one portion of the ladder to another. Shunts are connections relating knowledge states with information processing activities. The left side of the decision ladder represents the control tasks necessary for understanding the current system state-in this case, the current state of the WiSAR activities. This understanding informs the control tasks required to achieve the desired system state, which is represented along the right side of the decision ladder-in this case, the resolution of the search activities. The ConTA requires an understanding of the work that the system needs to do in the work domain with regard to the work processes-in our case, the search procedures. The ConTA also requires an understanding of what needs to be done in the search domain with regard to the control tasks for each procedure.
Insights Gained and Application to Design
The introduction of this paper stated that the goal of this research was to design autonomy and operator interfaces to support UAV-enabled WiSAR. We also emphasized that there were two parallel efforts in this research: autonomy algorithms and interfaces were being designed as the GDTA, WDA, and ConTA were being performed. This section states the main contribution of this paper: that these analysis techniques, which were applied to the human-based WiSAR response, yielded specific insights that directly influenced the resulting system design.
The presented work represents one of the first applications of these analysis techniques to informing the development of autonomous algorithms and operator interfaces for UAVs. The insights gained from the analysis directly impacted designs, which suggests that CTA can help designers understand and account for the changes in the human roles, responsibilities, and tasks when integrating a potentially disruptive technology (UAVs) into an existing system (human-based WiSAR). Specifically, our results demonstrate the feasibility of applying these techniques to integrate UAVs into existing systems that do not incorporate unmanned vehicles.
Before proceeding, it is useful to state that the UAV development team' s expectations were ambiguous when they initiated the CTA, and the results differed from what they could define. Nevertheless, the insights that were gained directly and positively impacted design. For example, the UAV development team believed that the GDTA would identify specific tasks that could be delegated to autonomous algorithms and that the WDA/ConTA would provide insight into the necessary information flows throughout the system that would suggest designs for operator interfaces. Although not entirely incorrect, the benefit of the analyses cannot be divided simply between autonomy algorithms (from the GDTA) and operator interfaces (from the WDA/ConTA).
Insights Gained From the GDTA
The GDTA provided an understanding of the situation awareness information requirements that indicate the information the UAV can gather to inform or augment the information provided by the human searchers. The GDTA also identified a number of cognitively demanding tasks that the IC must complete, including compiling the missing person profile, maintaining and updating the search area map, assigning priority to the identified signs, and formulating or reformulating the search technique. As a result, the GDTA identified the information required to complete these tasks and make decisions. Three specific insights directly impacted design: (a) identifying the four primary search techniques (hasty, constrained, high-priority region, and exhaustive), (b) identifying how maps of high-priority regions were used to encode the likely location of the missing person, and (c) identifying how search strategies use significant human input and are therefore unlikely to be encoded in completely autonomous search algorithms.
In terms of design, the UAV development team was originally unaware of the four individual search techniques, although they later found them referenced in the WiSAR book (Setnicka, 1980) . Indeed, the team was too focused on the exhaustive search, which directed their research efforts toward complete coverage searches rather than priority searches (Quigley et al., 2004) . As a result of the identification of the four search techniques, a generalized UAV contour search algorithm was developed that supports both high-priority search and exhaustive search as special cases .
The standard maps used by WiSAR personnel are appropriate for ground communication between WiSAR members, but they are inappropriate as input to the generalized contour search algorithm. Thus, a design challenge is to explicitly model the likely location of the missing person by encoding the missing person' s behavior as a function of the environmental terrain. The resulting model can be used in conjunction with terrain maps to plan the high-priority region searches. Developing these models is an ongoing research effort. The left side of Figure 4 shows the model representation (the graph). Superimposed over this model is the probability that a missing person is at a particular location. The right side of the figure provides a close-up copy of a map annotated by an IC-level search expert at a map exercise for Utah County Search and Rescue conducted in March 2008. Note how the map includes both a probability that a missing person is in a region (see the "%" symbol) and a priority for searching the area.
Finally, the third application to design concerns the fact that searches require considerable human judgment, especially as new signs of the missing person are collected. The need to systematically cover a high-priority area while allowing the human to react to new signs has led to the ongoing development of semiautonomous (sliding autonomy; Desai & Yanco, 2005) search algorithms. These algorithms allow the UAV to have some authority to control its flight path in order to gather as much information as possible while also permitting the human operator to constrain the UAV' s flight path to match the operator' s priorities.
Insights Gained From the WDA
The WDA results inform the both the organization and tactics of the UAVenabled WiSAR team as well as the development of operator interfaces to support managing system states based upon the current human-based response procedures and processes (Kaber et al., 2006) . Specifically, the WDA provided a very useful lesson-namely, that the WiSAR response has two key subsystems: information acquisition and information analysis. Although this lesson is small, it has strong implications for design. As a result, three design implications were identified: (a) a natural division of the UAV-related roles associated with the identified subsystems; (b) a need for specific operator interfaces to support information acquisition associated with the different search techniques; and (c) a need for selecting appropriate UAV-enabled WiSAR tactics.
The first design implication is that personnel in a UAV-enabled WiSAR can be naturally divided into roles with information acquisition and analysis responsibilities. The first role is the UAV operator, who is responsible for maintaining the UAV' s flight and is thus responsible for information acquisition. The second role is the UAV video analyst, who focuses on observing the video feedback and identifying pertinent information; thus, the analyst' s primary contribution is to the information analysis. The third role is a ground searcher, who is responsible for obtaining information not available from video (information acquisition) and thus providing a complementary ability to interpret and refine clues of the missing person' s location (information analysis). Although the UAV development team had hoped (and still hopes) to find that the UAV operator and video analyst roles could be combined, field trials verify that it is not yet possible to combine these roles .
Nevertheless, the implicit lesson from the WDA is that the UAV operator, video analyst, and ground searchers must work as a team in order to conduct an efficient and effective search. This leads to the preliminary conclusion that using a UAV to support WiSAR requires a technical search team-namely the UAV team, which consists of three or more people and complements the other search teams and ground searchers.
The second design implication is that there is a strong need to develop different operator control interfaces that support information acquisition for the different search techniques identified in the GDTA. This implication, combined with lessons from the field trials, has led to two types of operator interface design. The first operator interface supports the video analyst' s responsibilities by using computer vision algorithms to augment video. The result was the development of a real-time video mosaicking technique that stitches images together to form a spatial representation of the relationship between a series of images returned via video.
The mosaic, which is oriented so that north is always up, has demonstrably improved detection rates and operator workload in a carefully controlled user experiment . Figure 5 illustrates how the unprocessed video (left image) appears to the video analyst, as compared with the mosaicked video (middle image), and how the unprocessed video is integrated into the virtual 3-D world (right image). This latter interface can be used by the UAV operator to support grounded communication with the video analyst and also helps localize an object of interest in the world.
The second type of operator interface is designed to support the UAV operator and ground communications with the video analyst. We have explored a series of UAV operator interfaces and concluded, after a series of user studies, that displaying terrain information, a map, and satellite imagery as a virtual 3-D world forms 5. Presenting video: original video (left), mosaicked video (middle) , and video embedded into a virtual terrain map (right).
an effective basis for the UAV operator interface. The UAV' s video is projected into this virtual representation, and a representation of the UAV is displayed in the virtual 3-D world. This display allows the UAV operator to interpret the pose of the UAV, the pose of the camera, and video returning from the camera in the context of prior imagery and terrain information. It also allows for different perspectives of the virtual 3-D world, an ability that has allowed us to identify perspectives that are most appropriate for the different types of search .
The third design implication applies to selecting appropriate UAV-enabled WiSAR tactics. More specifically, distinguishing between the information acquisition and the information analysis subsystems identified the possibility of conducting real-time, online information acquisition and off-line information analysis. This result, combined with the ConTA insights, contributed to a descriptive framework of the temporally and spatially distributed UAV-enabled WiSAR roles .
Insights Gained From the ConTA
The ConTA provides a general understanding of the WiSAR mission timing and the information flow during the search that informs the development of the semiautonomous algorithms and interfaces to support the IC for UAV-enabled WiSAR. The ConTA provided one lesson learned related to the needed probability refinement during a search, which had two immediate design implications: (a) the need to incorporate explicitly an iterated probability refinement and coverage quality metric and (b) the need for a fourth human role.
The ConTA provided one very useful lesson from an information management perspective-namely, that the search is essentially an iterated refinement of the probability describing the likely location of the missing person. Prior to the CTA, the UAV developers had a vague idea of the role that the probability refinement played and its importance during the search, but they did not fully understand these concepts.
The first design implication is a formalization of iterated probability refinement into a Bayesian framework . This formalization allows one to frame search problems formally as optimization problems, maximizing the rate of evidence accumulation, which has contributed to the ongoing development of semiautonomous search algorithms that extend the generalized contour search algorithm (mentioned previously) to allow for strategic-level control from a human. This design implication further makes explicit the importance of providing feedback to the video analyst regarding the quality of the aerial coverage of a search area. This information led to the development of a seeability algorithm that displays the quality of an evolving search in terms of the probability that signs of a missing person have been detected. The algorithmically generated seeability metric, which may also support information analysis of video obtained by manned aircraft, has been shown to be correlated with the probability that a video analyst will detect an object of interest in a video .
The second design implication is a further insight into the structure of the UAV technical search team. Iterated probability refinement indicates the need for a fourth human role: the UAV technical search specialty manager, who is responsible for planning and revising the search process as evidence accumulates or changes. This search manager may be the IC during a small search or the mission manager during a large search.
In terms of future work, there are a number of design implications. For example, iterated probability refinement suggests the need to provide technology that can automatically integrate information from the GPS tracks of ground searchers, video from manned aerial search aircraft, and video from other UAVs to provide a complete picture of the evolving probability of the missing person' s location.
Discussion
This paper demonstrates the usefulness of applying the CTA techniques to understand an existing, nonengineered domain and the domain' s associated processes in order to guide the development and integration of a potentially disruptive technology. The combination of the three analysis techniques provided a base of information that allowed the UAV developers to better understand the human-based WiSAR response and to formulate the correct questions earlier in the development process than they would have otherwise. However, it is important to reiterate that the current UAV-enabled WiSAR technology is a result of the CTA and the technology development. The early technology development, via early flight tests and field trials, informed the CTA, and the analysis results informed the later technology development, thus successfully integrating the CTA into the systems engineering process.
WiSAR involves a high degree of intentional constraints, including the searcher' s intentions, procedures, and rules that must be understood in order to develop the appropriate UAV algorithms and operator interfaces. The CTA allowed the identification of the human-based WiSAR system components, processes, constraints, and information flow in order to guide the integration and development of the UAV technology in a manner that attempts to improve the overall search efficiency with the introduction of a new technical search specialty team without disrupting the search process employed by the other searchers.
Viewing the human-based WiSAR response as a system creates two challenges for CTA. First, it represents a larger problem space than is typically found for WDAs and ConTAs and many GDTAs. Second, it views the human searchers as integral system components rather than system users. This perspective differs from the majority of prior analyses; however, it allows one to view the humans from a systematic perspective and identify the appropriate UAV capability requirements that capture the necessary information requirements, critical events, and information flow to support WiSAR.
The presented work demonstrates that the results of the GDTA, WDA, and ConTA can inform the design and development of autonomous UAV algorithms and the associated operator interfaces. Preliminary results from laboratory studies and flight tests indicate that the interfaces allow the UAV operator to understand the remote UAV actions while supporting the video analyst in identifying signs related to a missing person and guiding ground searchers to a particular area. This allows the UAV operator and/or video analyst to communicate the information to the IC in a manner that is grounded and compatible with the IC' s responsibilities and tasks.
The introduction of the UAV into WiSAR will not remove the manual human search process or change the process from a manual process to a cognitive process. However, the UAV technology can minimize the physical search process conducted by ground searchers. As such, it should not increase the ground searchers' cognitive requirements, but it should reduce the physical stressors the ground searchers encounter. Similarly, the UAV is not intended to remove the IC' s physical processes; rather, it supports the IC' s cognitive processes required to manage the search. This is possible because the introduction of the UAV into the system requires the introduction of personnel dedicated to the UAV-namely, the technical search team members. The task analysis provides limited insight into the cognitive demands placed on the new human roles, which was anticipated because the analysis focused on the existing WiSAR system, which did not include these roles. Insights gained from the analysis identify the human roles necessary to support UAV-enabled WiSAR and the associated spatial and temporal relationships among the UAV operator, the video analyst, the mission manager (IC), and the ground searchers.
The results demonstrate that these analysis techniques can be used to analyze a system, in this case a human response system, in order to inform the design and development for UAV technology. This is the first work to apply such analysis to the introduction and development of a real, hardware-based UAV to an existing system, the WiSAR search. The combination of the three analysis techniques provided an understanding of the information requirements within WiSAR and their acquisition and flow throughout the system. This allowed for a better understanding of what information needed to be acquired by the UAV, how that information would inform the system activities, and how the human roles and responsibilities change with the introduction of the UAV.
The human means of acquiring information did not directly inform the physical UAV acquisition activities because the UAV (a) is remotely operated, (b) provides a vantage point different from that of ground searchers, and (c) has dynamics that are different from those of ground searchers. However, the information requirements did impact the design of autonomous algorithms to control the UAV to acquire the necessary information.
The results of the analyses identify the type of autonomy useful and necessary for an UAV to support the WiSAR task. An analogy was stated by Jamieson et al. (2007) , who found that combining hierarchical task analysis with WDA into an analysis of information requirements allowed them to identify sensors that needed to be introduced into the system under study. The identification of the necessary autonomous behaviors for the UAV via our analyses led to the discovery of autonomous capabilities that were not identified during the initial UAV engineering design process.
A contribution of this work is that it supports the concept of employing GDTA, WDA, and ConTA to inform the design and systems engineering process of a first-of-a-kind system. When GDTA and WDA are conducted simultaneously, the result is the ability to more readily integrate the results of the two techniques (Jamieson et al., 2007) . This is the first application of these techniques in concert to inform the development of autonomous algorithms and the associated operator interfaces for real, hardware-based UAVs. The overall analysis identified necessary UAV autonomous algorithms required to provide the information to support and supplement the WiSAR process.
Conclusion
WiSAR requires thousands of hours of search over large and complex terrains. Mini-UAVs have to potential to dramatically improve WiSAR search efficiency. This paper presents the application of a GDTA and a partial CWA to inform the design of a UAV to support WiSAR, the first known application of these analysis techniques to real, hardware-based unmanned vehicles. The human-based WiSAR response was analyzed; this analysis included the unique aspect of considering the human responders as system components. The task analyses were informed by a number of sources, including interviews with subject matter experts and early UAV flight tests and field trials. The CTA identified many insights that informed a number of design decisions for the UAV autonomous algorithms, operator control interface, and the necessary human roles and responsibilities. Thus, the CTA broadly impacted both the design of UAV-associated technologies and the organizational structure of a UAV-enabled WiSAR subteam, thereby constructively contributing to the overall WiSAR process.
We began this paper with specific examples of practical failures that we experienced in using a UAV to support WiSAR in field trials, so it is useful to conclude the paper with a discussion of how the broad insights from the CTA impacted some specific examples of practical use in field trials. A key practical result emerging from the CTA is the carefully defined roles that are required to accomplish a WiSAR mission effectively. These roles, which include the IC, UAV operator, and sensor operator, have specifically defined responsibilities that must be coordinated to accomplish the overall mission. Recent field trials have enforced these roles, allowing the IC to remain focused on the overall search rather than becoming engrossed in the video and allowing the UAV operator to focus on guiding the UAV. Interestingly, enforcing roles in the most recent field trial has revealed the need to develop further interface technology to support information exchange between roles without depending exclusively on video.
These practical examples and other presented results demonstrate how UAV field trials informed the CTA and the CTA informed the system design and development by integrating the CTA directly into the UAV system engineering process.
